Aim-As engineered nanoparticles (ENPs) increasingly enter consumer products, humans become increasingly exposed. The first line of defense against ENPs is the epithelium, the integrity of which can be compromised by wounds induced by trauma, infection, or surgery, but the implications of ENPs on wound healing are poorly understood.
Much less attention has been given to the eye, which is directly exposed to the environment [18] . The cornea possesses an extraordinarily smooth surface, maintains the tear layer, transmits light, and protects the eye from pathogens and particulates. Exposure to air pollutants has been associated with increased conjunctival goblet cell hyper-plasia and ocular irritations [19, 20] . Although the level of ocular exposure to ENPs remains to be quantified, ENPs are widely present in cosmetic products, such as sunscreens, makeups and contact lenses, which may result in ocular ENP exposure [8, 21] . However, the impact of ENPs on the eye and resident cells remains poorly understood. Such impact may be minimal on an intact tissue and cells but exert a toll on a wounded tissue; indeed, humans with preexisting airway or heart diseases are more susceptible to elevated air pollution [22] . However, a research area of nanotoxicology, which is lagging behind is the effect of ENPs on wounded cells with most of in vitro studies focusing primarily on healthy cells.
Herein, we present the development of a novel cellular bioassay to assess the impact of ENPs on wound healing for diverse types of ENPs and cells. The types of ENPs we used included copper oxide (CuO), zinc oxide (ZnO), silica dioxide (SiO 2 ) and titanium dioxide (TiO 2 ) ENPs, which are industry relevant and commonly used in a variety of products; fluorescent polystyrene (PS) particles were also used to investigate the role of particle size and uptake. The types of cells included human corneal limbal epithelial (HCLE) cells and human corneal fibroblasts (HCFs), which are important for corneal wound healing, and Madin-Darby canine kidney (MDCK) cells, which constitute a widely used model system for investigating wound healing in vitro. Our results establish in vitro wound healing behavior as a physiological end point to evaluate the safety of ENPs.
Materials & methods

Wound array production
Polydimethylsiloxane (PDMS) membrane blocking has previously been used to create wounds in a cell monolayer with linear boundaries [23] . We extended this concept to create circular wounds in a 96-well format. To produce PDMS pillars, we first polymerized PDMS into a 6-mm-thick sheet (20:1 mixing ratio; Sylgard ® 184; Dow Corning, MI, USA). We then punched this sheet with a 2-mm-diameter, circular, hollow indenter to produce pillars. Each pillar was attached to the center of a single well of a 96-well plate ( Figure 1A ; top).
Circular wound healing bioassay
We plated a variety of cells in these wound arrays and allowed them to grow into full confluence; due to the biocompatibility of PDMS cells in fact crawled onto the side of the pillar. The pillar was then pulled off, producing a 'wound' in the center of the monolayer ( Figure 1A ; middle). Each wound was imaged using an automated microscope (Leica DMI6000; Leica, Solms, Germany); it took approximately 10 min to image an entire 96-well plate. We developed a Matlab-based program to process the wound images and automatically detect wound edges. One example of a healing MDCK monolayer over 44 h is shown in Figure 1A (bottom). In order to automatically detect cell-covered regions, we combined image texture analysis and intensity thresholding. For MDCK cells, phase contrast images were used; for HCLE cells, 5-chloromethylfluorescein diacetate staining was used; for HCF cells, a combination of phase contrast, 5-chloromethylfluorescein diacetate staining, and F-actin staining (with Alexa Fluor ® 488 Phalloidin, at 1/200 dilution; Invitrogen, CA, USA) were used. We call this 96-well plate wound-healing assay circular wound array bioassay (CWAB).
Single cell migration assay
We evaluated single cell migration by tracking fluorescently stained nuclei [24] . Cells were sparsely seeded at 30 cells/mm 2 in 96-well plates, allowed to incubate for 2 days, and then stained with 0.33-1 µg/ml Hoechst 33342 (Invitrogen) for 30 min. The stained cells were then treated with culture media containing 10% fetal bovine serum (FBS) as well as different doses of nanoparticles. A total of 18-24 h later, we imaged Hoechst-stained cell nuclei every 6 mins using an automated microscope (Leica DMI6000). Fluorescent exposure was minimized to avoid cell damage. We developed a Matlab-based program to track nuclei positions and to obtain the mean squared displacement for each cell.
Cell cultures & treatment
A variety of cells were used in this study in order to illustrate the versatility of the CWAB platform. We obtained immortalized human corneal-limbal epithelial (HCLE) cell line from IK Gipson, Schepens Eye Research Institute (MA, USA). These cells have been previously shown to possess the ability to differentiate and stratify in vitro [25] . We seeded these cells at 256 cells/mm 2 in supplemented keratinocyte serum-free medium (K-SFM; Invitrogen 17005-042) for 2-3 days for proliferation, and the media was then switched to DMEM/ Nutrient Mixture F-12 (DMEM/F12) supplemented with 10% FBS and 10 ng/ml human recombinant EGF for 2-3 days for differentiation/stratification prior to wounding. The supplements to 500 ml K-FSM media included 1.25 ml bovine pituitary extract, 0.2 ng/ml EGF and 0.31 mM CaCl 2 . MDCK cells (seeded at 500 cells/mm 2 ) and HCF cells (seeded at 256 cells/mm 2 unless stated otherwise) were cultured in low-glucose DMEM with 10% FBS for 3-4 days prior to wounding. HCF cells were isolated from human corneas [26] and used from passage 3 to passage 6. Cells were grown to confluence in 96-well plates with wound arrays as described above, the pillars were removed, the cells were washed once with PBS, and culture media containing 10% FBS as well as different doses of ENPs were added.
Panel of ENPs studied
We selected six ENPs for study, including both commercially available metal oxide ENPs currently used in consumer products such as paints, sunscreens and electronics, as well as PS beads of variable surface chemistry and primary particle size. In more detail: TiO 2 ( 
Characterization of ENPs
State-of-the-art analytical methods were used to characterize the properties of the ENPs. Nitrogen adsorption/Bruanuer-Emmet-Teller (BET) method (TriStar™; Micromeritics, GA, USA) was used to characterize specific surface area (SSA). The equivalent primary particle diameter, d BET , was calculated as:
Where the particles were assumed to be spherical and ρ p is the material density at 20°C. Particle diameter was also determined by x-ray diffraction (d XRD ). Supplementary Table 1 (see online at www.futuremedicine.com/doi/suppl/10.2217/NNM.14.40) summarizes the properties of the ENPs used in the study.
Preparation & characterization of ENP suspensions
For each ENP, we prepared stock suspensions at 10 mg/ml in double-distilled water. A total of 0.5-1 ml of each suspension was then sonicated for enough time in a sonicator (VibraCell™ VCX 130; Sonics and Materials Inc., CT, USA) to break the agglomerates down to the primary particle level as described previously by the authors [16] . We then diluted these suspensions into cell culture media containing 10% FBS, which helped to stabilize the suspension and minimized nanoparticle reagglomeration during the experiment [16, 27] . Suspended ENPs were applied to cells within 1 h of preparation unless otherwise stated. For all species of ENPs suspended in cell culture media, we used dynamic light scattering (Malvern Zetasizer Nano-ZS; Malvern Instruments, Worcestershire, UK) to measure for hydrodynamic diameter, polydispersity index and zeta-potential (see Table 1 ). We used ENP doses varying from 0 to 108 µg/ml. When necessary, we performed linear interpolation to map results in between doses.
Cell viability & proliferation
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (Roche, Basel, Switzerland) and Alamar Blue assay (Invitrogen) were used to assess cell viability for each ENP, dose and cell line. Cells were cultured, wounded and treated with ENPs for 18 h. For MTT assay, cell media was replaced with 100 µl/well of fresh media, and then treated with MTT reagent (10 µl/well) for 4 h at 37°C. Solubilization reagent (100 µl) was added to dissolve the formazan crystals produced from the reduction of the tetrazolium salt or MTT reagent. The absorbance of each sample was measured using a microplate reader (Biotek Instruments, VT, USA) at 550 nm. To account for possible reagent-particle interaction, concurrent no-cell assays were performed in triplicate and resulting optical densities were subtracted as background. We then calculated viability relative to untreated cells, which served as 100% viability control. For Alamar Blue assay, we first imaged the plate at excitation/emission of 544/590 nm (Fluoroskan Ascent™ Plate Reader; ThermoFisher, MA, USA) to obtain the background value. Alamar Blue was then added to each well at 10% volume and incubated for 90 min before the plate was imaged again. We then subtracted the final signal by the background signal and then calculated viability relative to 100% viable controls (untreated cells) and 0% viable control (0.1% saponin-treated cells). To measure cell proliferation, we used CyQUANT ® assay (Invitrogen). HCF cells were plated at 30 cells/mm 2 on day 1, treated with ENPs on day 2, and CyQUANT assay was performed on day 3 according to manufacturers instructions.
Uptake of carboxylate-modified PS FS
Confluent cells were treated for 1 day with 12 µg/ml of carboxylated FS of two sizes, and then subjected to either fixation alone or simultaneous fixation and permeabilization before particle fluorescence was quantified using a plate reader at the appropriate wavelength (Fluoroskan Ascent Plate Reader).
Statistical analysis
Data were compared by one-way analysis of variance or by Student's t-test with two tails and unequal variance. A difference was considered significant if p < 0.05. Such statistical significance is achieved between two groups when their 95% CIs do not overlap [28] . Hence, we plotted data with 95% CIs, which correspond to mean ±1.96 standard error of the mean. If the error bars of two data points do not overlap, they are statistically different [28] .
Results
Circular wound array bioassay
The CWAB bioassay was used to address the impact of ENPs on wound healing and the collective migratory behavior of a variety of cell lines. As described in detail in the method section, the CWAB assay is based on the PDMS stamp technique that produces wounds with controlled geometry [23, 29] . Figure 1A illustrates how CWAB was applied in the case of a 96-well format, using PDMS pillars (6 mm in height and 2 mm in diameter) and applied them to block a circular area in each well of a 96-well plate ( Figure 1A and see 'Materials & methods' section). By growing cells to confluence and peeling off the pillars, we were able to create 96 wounds with uniform geometry and simultaneously track the healing of these wounds over time using automated microscopy ( Figure 1B and see 'Materials & methods' section). The microscopic images were analyzed using a Matlab-based code developed in house to quantify the wound areas ( Figure 1A ). It is worth noting that the CWAB bioassay is, in principle, similar to Oris™ Cell Migration Assay [30] , but more flexible and far less costly.
Wound healing behavior of three different cell types
In order to demonstrate the versatility of the proposed in vitro approach, the CWAB system was used to assess wound healing of three cell types: HCLE cells, HCFs and MDCK type II epithelial cells; the MDCK cells were included here as a widely studied model cell type [29] . We demonstrated that in the absence of ENP exposures, wound area decreased with time in a largely linear fashion ( Figure 1C ), consistent with previous reports on MDCK cells [29] . HCLE cells closed 2-mm wounds within 1 day and MDCK cells within 2 days; by contrast, primary HCF cells took 3 days (HCF48 from a 48-year-old donor) or much longer (HCF52 from a 52-year-old donor) to close the wound ( Figure 1C ). This drastic difference in wound healing rate (analysis of variance; p < 0.0001) between different cell types likely reflects the phenotypic differences between epithelial cells and fibroblasts.
ENP characterization
The panel of ENPs investigated in this study was characterized both in the dry powder form as well as in their liquid suspension state using state of the art analytical methods, as described in detail in the Methods section. Supplementary Table 1 summarizes the properties of the used ENPs.
Consistent with previous reports, most ENPs that have primary particle sizes below 100 nm appeared to form complexes of 140-460 nm in the serum-containing media, with the exception of ZnO ENPs suspended in DMEM with 10% FBS, which formed agglomerates above 1 µm, and TiO 2 , which formed agglomerates above 800 µm in both media. Such large and polydisperse agglomeration of ENPs is known to occur in certain nanoparticle/media systems, including ZnO ENPs in DMEM media [16, [31] [32] [33] . Additionally, large differences in agglomerate size were observed between the amine-modified PS spheres and carboxylmodified PS spheres (Table 1) , likely due to differences in their surface charges and the subsequent effects on electrostatic stabilization of suspended agglomerates [16, 34] . Particle size distribution did not change significantly over 24 h of suspension (Supplementary Figure  1) . These freshly prepared and well-characterized ENP suspensions were then applied to cells immediately after the wounding. It is worth noting that two of the ENPs used here, namely ZnO and CuO, can partially be dissolved in culture media and release ions [35, 36] .
ENPs can inhibit wound healing via decreasing cell viability
We first examined the effects of CuO ENPs on each cell type. For all ENPs, we tested doses ranging from 4 to 108 µg/ml. In a dose-dependent manner, CuO ENPs reduced cell viability with median lethal doses (LD50) of 6.3-20.3 µg/ml ( Figure 2C,i) , which is in line with previous reports [37, 38] . Using the CWAB assay, we found that these particles dosedependently inhibited wound healing in monolayers of HCLE and MDCK cells with median effective doses (ED50) of 16.1 and 51.3 µg/ml, respectively (Figure 2 ). Furthermore, they entirely inhibited the migration of HCF cells at the lowest dose tested of 4 µg/ml (Figure 2 ), in fact causing the wound area to expand (Figure 2A ) and relative wound healing to become negative. The relative healing was defined as the fractional reduction in wound area normalized by that achieved by untreated cells:
Where A treated and A untreated are the final wound area for treated and untreated cells, respectively. These data are consistent with the notion that ENPs may inhibit wound healing through cytotoxicity.
To further confirm the inhibitory effect of cytotoxic ENPs on wound healing, we turned to ZnO nanoparticles; ZnO particles have high toxicity on HCLE cells (LD50 of 23.1 µg/ml), but much less toxicity on HCF cells (LD50 >100 µg/ml) ( Figure 2C ,ii). ZnO particles potently inhibited wound closure in HCLE monolayers with ED50 of 15.8 µg/ml ( Figure  2B ,ii). Their impact on the other cell types was much less: the ED50 was 45.2 µg/ml for HCF48 cells and beyond 100 µg/ml for HCF52 and MDCK cells ( Figure 2B ,ii). Again, wound expansion was observed at high ENP doses for HCLE and HCF48 cells, evidenced by the negative values of relative healing ( Figure 2B ,ii). We note that ZnO ENPs formed large agglomerates in the DMEM media, which were used for HCF and MDCK cells, but considerably better in the DMEM/F12 media, which were used for HCLE cells (Table 1) . It remains to be explored whether the better dispersion in the latter media led to a higher toxicity for the latter cell type. Nonetheless, our previous finding that the primary size of ZnO particles does not affect their biological impact or toxicity on human airway smooth muscle cells would argue against that [38] .
We then explored the extent to which reduced healing is associated with reduced cell viability. For both ZnO and CuO ENPs, reduced viability is generally associated with reduced healing (Figure 2C ,ii). However, reduction in the latter can greatly exceed that in the former (Figure 2C ,ii). This is because relative viability cannot go below zero, but relative healing can do so as a wound expands or cells shrink. As such, relative healing could provide a more sensitive measure of the physiological impact of ENPs, which could cause morphological changes without impacting viability.
ENPs can also inhibit wound healing without affecting cell viability
Even in the absence of cytotoxicity, nanoparticles may physically interact with cells and slow down their movement in a nonspecific manner, which leads to the question of whether wound healing can be impeded without a reduction in cell viability. We initially studied amorphous SiO 2 nanoparticles; these particles had little impact on cell viability (Supplementary Figure 2) . Interestingly, even at 108 µg/ml, they did not decrease wound healing by more than 20%. These data suggest that not every species of ENP interferes with cell migration and wound healing.
The next nontoxic ENP that we looked at was 40 nm PS nanoparticles that are fluorescent (excitation/emission = 580/605 nm) and carboxylate-modified (FS 40nm ). FS 40nm particles did not decrease cell viability up to 108 µg/ml ( Figure 3C ). They did not appreciably slow down the wound healing of HCLE or MDCK cells. However, they slowed down the wound healing of HCF cells from both donors by up to 55% and in a dose-dependent manner (Figure 3 ; ED50 is approximately 85 µg/ml for both cells). These results were surprising, and led to the question of whether they could be attributed to the fluorescent nature of the particles. When 60-nm PS nanoparticles that also are carboxylated but not fluorescent (PS 60nm ) were applied to the same cells, the results were qualitatively the same: little impact on MDCK or HCLE cells, but a dose-dependent inhibition on HCF wound healing (ED50: 60.7 µg/ml for HCF52; Supplementary Figure 3) . This phenotypic impact of the carboxylated PS particles echoes a previous study that demonstrated their effect on iron absorption after oral exposure [39] . Together, our data demonstrate that ENPs can impede wound healing in a cell-and particle-type dependent manner, even in the absence of cytotoxicity.
Different cell types exhibited distinct patterns of particle uptake
The difference in wound healing responses to various ENPs among the three cell types was striking, leading to the question of whether this difference could be attributable to particle uptake. Particle uptake was assessed using fluorescence microscopy after the application of FS 40nm particles. Since we fixed and permeabilized the cells simultaneously, particles that were bound to the plasma membrane were mostly removed. We therefore considered the majority of the remaining particles to be either internalized or cytoskeleton-bound. These particles were uniformly taken up by HCF cells ( Figure 3D) ; by contrast, MDCK and HCLE cells only took up those particles at the leading edge of the healing wound ( Figure 3D & Supplementary Figure 4A) . It is worth noting that such endocytic/phagocytic activity by the leading cells had little impact on the overall wound healing rate of MDCK and HCLE cells.
In the absence of a wound, HCF cells exhibited approximately ten-times more uptake of those carboxylated FS particles than HCLE cells (p < 0.001, Figure 3E) ; same results were obtained whether we permeabilize the cells or not (compare Figure 3E with Supplementary Figure 4B ). This elevated particle uptake potentially contributes to the larger decrease in the wound healing rate of the HCF cells. Future work on the cell type-specific mechanism of ENP uptake is warranted.
Effect of FS particles on single cell migration of HCF cells
To understand the mechanism by which ENPs impede wound closure in HCF cells, we first looked at cell proliferation. To our surprise, even at the maximum particle doses used, cell proliferation was not affected (Supplementary Figure 5) . We then hypothesized that the impairment is due to impediment of individual cell migration. Cell migration was assessed by tracking the motion of fluorescently labeled cell nuclei ( Figures 4A,ii & 4A,iii) . The mean squared displacement (MSD) of the nuclei increased with time intervals following a power law function:
( Figure 4A,iv) Here, D is the characteristic MSD at Δt = 10 mins, and therefore represents instantaneous cell speed (D ~[vΔt) 2 ]); α equals 1 for Brownian motion and 2 for straightforward (ballistic) motion, and therefore represents the directional persistence of migration. Decreases in either or both of these two parameters can lead to reduced wound healing [40] .
Without any treatment, HCF48 cells had a slightly lower α, but a much higher D than HCF52 cells (p < 0.001; gray markers in Figure 4) ; this suggests HCF48 may execute faster wound healing, which is indeed what we have observed (p < 0.001; Figure 1C ). When these cells were treated with FS 40nm (108 µg/ml; green circles in Figure 4 ), their MSD, α and D were all reduced (p < 0.001). These data are consistent with the notion that the rate of wound healing of HCF fibroblasts is largely determined by the rate of single cell migration, and indicate that the interference of single cell migration by FS particles perhaps account for their impediment of HCF wound healing.
Since single cell migration can be characterized by α and D, we next asked which of the two parameters is more severely impacted by FS particles. When treated with FS 40nm , α was reduced by less than 0.1 for both HCF48 (α = 1.48 ± 0.01 if untreated) and HCF52 (α = 1.56 ± 0.03 if untreated; Figure 4B) ; by contrast, D was reduced by approximately 50% for both cell strains (p < 0.001; Figure 4C ), a reduction quantitatively similar to that observed in wound healing assay ( Figure 3B , black triangles). These data suggest that compared with directional persistence, cell speed is more severely impacted by FS particles.
To further confirm that the particle-impaired wound healing rate is mainly due to reduced cell speed, we systematically varied particle size, which is known to be a major determinant of cell-nanoparticle interaction for a wide range of particle species [41] . When six FS particle species ranging from 20 to 1000 nm in diameter were applied to the cells at 108 µg/ml, we found that all particles at or below 500 nm decreased MSD at long time intervals (p < 0.001; Figure 4A ). α generally decreased with decreasing particle size, reaching a maximal decrease of 0.15 and 0.16 for HCF52 and HCF48, respectively, at the smallest particle size of 20 nm ( Figure 4B ). On the other hand, D exhibited a step-like decrease as the particle size decreases from 1000 to 500 nm, reaching a plateau of approximately 50% baseline at smaller particle sizes (p < 0.001 compared with control; Figure 4C ). When wound healing rate was measured using CWAB assay with the same cells treated with the same particles, the relative healed area at 87 h exhibited a size dependence that was more similar to that for D than to that for α (compare Figure 4D with Figures 4B & Figure 4C) ; this was interesting because there was no a priori prediction as to which parameter, D or α, controls the rate of wound healing. The carboxylated PS 60nm nanoparticles that are not fluorescent behaved entirely similar to the FS particles ( Figures 4B-4D, solid symbols) , again suggesting that the particle effects are not due to particle fluorescence.
When we quantitatively correlated relative healed area with α and with D for HCF52, there was a statistically significant correlation between wound healing and α (correlation coefficient = 0.70; p = 0.005; circles in Figure 4E) ; however, the data points were scattered, giving rise to large uncertainty in the fitted line (slope = 2.47 ± 1.59; 95% CI). By contrast, there was a stronger correlation between wound healing and D (correlation coefficient = 0.86; p = 7e-5; circles in Supplementary Figure 6) ; the intercept of the fitted line was not statistically different from 0, suggesting direct proportionality between relative healed area and D (left dash line in Supplementary Figure 6 ). Similar observations were also made of HCF48 (triangles in Figure 4E & Supplementary Figure 6) . When we normalized D by that of untreated cells, strikingly, the relative cell speed was overall identical to relative healing for two cell strains, for low and high particle doses, and for seven particle types ( Figure 4F) . Collectively, our data strongly suggest that carboxylated PS particles, while not impacting cell viability, can impede wound healing of HCF cells by reducing the migration speed at the single-cell level.
Discussion
Little is known about the impact of ENPs on wound healing in general. Here we presented an in vitro platform that can be used to assess the impact of ENPs on cell migration and wound healing. It was demonstrated that industrially relevant ENPs can impede wound healing by means of reduced cellular viability. Furthermore, interestingly, in the absence of toxicity carboxylated PS particles impeded wound healing as well as single cell migration in a manner dependent on particle size, dose and cell type. Importantly, fibroblasts were more severely slowed by those particles than were epithelial cells, a difference potentially attributable to the much higher particle uptake by the fibroblasts. Investigating the mechanism by which carboxylated PS ENPs impeded wound healing of corneal fibroblasts, we discovered that it is mainly attributable to a reduction in instantaneous cell speed instead of directional persistence.
Our results reveal that not every nanoparticle species influences the rate of wound healing. SiO 2 ENPs did not alter that rate at doses up to 100 µg/ml. By contrast, ZnO and CuO ENPs inhibited cell viability as well as wound healing rate. Since these materials are relatively soluble [42] , it is likely that the soluble ions contribute considerably to the physiological impact of these particles and the effect of dissolution kinetics on wound healing should be further studied in future mechanistic studies. PS ENPs have negligible solubility [43] , and yet we observed particle size dependent impact on wound healing rate. The mechanism awaits further investigation. Furthermore, the mechanism by which ENPs reduce the instantaneous cell speed and directionality is of interest. Cell migration is an orchestrated process that involves cell-cell and cell-extracellular matrix adhesion, cytoskeletal remodeling, signaling networks and physical forces [44] [45] [46] . We have previously demonstrated that mechanical properties and contractile responses of human airway smooth muscle cells are affected by nanoparticles in a dose-and size-dependent manner [38] . It is tempting to suggest that one mechanism by which nanoparticles impede wound healing is by changing cellular mechanical properties and force generation [38, 47] , both of which are known to modulate collective migration in epithelial and endothelial cells [45] [46] 48] . Alternatively, nanoparticles are known to generate reactive oxygen species (ROS) [49] , which can lead to microtubule remodeling [50] , thereby affecting cell migration. Nonetheless, examination of the morphology of microtubules (both acetylated and total alpha tubulin) and F-actin did not reveal any modification by the carboxylated PS particles (data not shown). The detailed mechanism by which nanoparticles slow down cell migration awaits further investigation.
Two major limitations of our in vitro wound healing model relate to the lack of inflammation and extracellular matrix dynamics that are key determinants of wound healing outcomes in vivo. For example, although nano-crystalline silver demonstrated cytotoxicity and inhibited migration, it in fact improved wound healing in vivo [51] . This improved wound healing trajectory is attributed to the antimicrobial properties, reduced levels of matrix metalloproteinases, balanced reactive oxygen species and, ultimately, reduced inflammation [51, 52] . In addition, our in vitro cell culture model does not capture the complex architecture, composition and mechanical compliance of the extra-cellular matrix, all of which are known to regulate wound healing and tissue regeneration [53] . Extracellular matrix may be directly modified by ENPs and may modulate the response to ENPs by resident cells. These limitations of in vitro wound healing models clearly need to be addressed by using in vivo models and/or 3D tissue-engineered models. Despite these limitations, our in vitro model helps to define mechanisms at the cellular level and provides a preliminarily yet efficient means to assess the physiological impact of ENPs.
Conclusion & future perspective
The cell-based assays described here establish a novel platform to quantify the effects of ENPs on wound healing and single cell migration. These processes are necessary for the integrity and homeostasis of various epithelium-lined organs, which include the lung, the skin, the gut and the eye. Our work suggests wound healing can be a key process that is impacted by ENPs. Future work will determine the extent to which our in vitro assays of wound healing and cell migration mimic in vivo physiology in the context of ENP exposure, ultimately identifying ENP species that inhibit or promote wound healing.
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Executive Summary
Background
• The human cornea represents a key exposure site for pollutants and engineered nanoparticles (ENPs), but we know little about their pathophysiological consequences.
• ENPs may impact the normal wound healing process, but such impacts have not been explored.
Materials & methods
• We developed circular wound array bioassay and single cell migration assay, both in 96-well plate format.
Results
• CuO ENPs impede wound healing of both epithelial cells and fibroblasts, with a greater impact on the fibroblasts.
• ZnO ENPs had smaller impact on human corneal fibroblasts than on the human corneal limbal epithelial cells.
• SiO 2 ENPs did not affect the viability or wound healing of any cell type at up to 108 ug/ml.
• Carboxylated polystyrene ENPs did not affect cell viability, had no impact on the wound healing of epithelial cells, but retarded wound healing and single cell migration of human corneal fibroblasts.
• Human corneal fibroblasts exhibited much greater uptake of carboxylated polystyrene ENPs than did human corneal limbal epithelial cells.
• Smaller carboxylated polystyrene ENPs had a greater impact on the wound healing and single cell migration of human corneal fibroblasts.
Conclusion
• The circular wound array bioassay and single cell migration assays developed here can serve as physiologically relevant tools for evaluating biological activities of nanoparticles on wounded cells.
Future perspective
• The circular wound array bioassay provides an efficient method to evaluate the pathophysiological impact of thousands of engineered nanoparticle species. This will help to identify particle species/physicochemical properties that are noxious for healing wounds, but may also discover those that are beneficial for healing wounds. in (A) . The data points from each donor are fitted by the dotted lines. Mean ± standard error of the mean; for single cell migration, n = 135-679 cells from two independent experiments for HCF52 and one experiment for HCF48; for wound healing, n = 3-9 wells with particle treatments and n = 24-54 wells without treatments. Table 1 Properties of engineered nanoparticle suspensions in two cell culture media. 
